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Abstract
Friction measurements in the range of several meters per second are still of great interests. With
the atomic force microscopy (AFM), the oscillation situation of the quartz crystal resonators of 3MHz
resonance frequency are studied. And the oscillation speed could reach up to several m/s. Then
the friction measurements are carried out on the Fischer Pattern, which is prepared on the quartz
crystal resonator. In this article, we present how to measure the oscillation speeds of the quartz
crystal resonator and the friction measurements under different designs. Calibration method and the
calculation methods are also discussed in details. Although there are errors in the AFM measurements
due to the setup itself and the oscillating quartz which could highly affect the sharpness of the
cantilever tip, the results indicate that the local friction coefficients with oscillation are higher than
that without oscillation.
1 Introduction
Friction is an everyday phenomenon in our life.
Since a couple of hundreds of years, many re-
searchers were trying to understand the mecha-
nism of friction. Three laws of macroscopic fric-
tion had been discovered and well established[1]
by Leonardo da Vinci[2], Guillaume Amontons[3]
and Charles Augustin Coulomb[4]. They are the
independence of friction on the apparent area of
contact, the proportionality of the friction to the
applied load and the independence of the kinetic
friction on the velocity. These laws are concluded
from the macroscopic experiments.
In recent years, due to the invention of atomic
force microscopy (AFM) by Binnig, Quate and
Gerber[5], mechanical properties of materials have
been found to have strong size dependence[6]. Tri-
bological properties could also have size effect on
the microscale and nanoscale. The invention of the
atomic force microscopy (AFM) by Binnig, Quate
and Gerber[5] brings us the chances to study me-
chanical materials in micro- and nanometer scales,
in which the studies of friction is defined as micro-
and nanotribology.
Several studies[7][8][9][10][11] have found that
friction and wear properties are the limiting fac-
tors to the performance and reliability of the na-
noelectromechnical systems (NEMS) devices. And
in reality many NEMS devices work at high slid-
ing speeds (m/s) relative to the counterparts, e.g.
the I/O-head of a hard disk. However, due to the
limitation of the piezo driving stage, the maximum
sliding velocity we could get using AFM is less than
mm/s. This requires the study of the nanotribol-
ogy at relative high speeds. Tao et al.[12] uses a
custom-calibrated ultrahigh velocity stage, devel-
oped by Tambe and Bhushan[13], to produce the
high relative speed between the tip and the sample
surface. However, the velocity could only get up to
200mm/s.
Due to its piezoelectric effect, quartz crystal res-
onators have been widely used in research. The
amplitude of the oscillation of the quartz crystal
was first directly measured by Borovsky [14] via
scanning tunneling microsope. In this article, we
report how to directly measure the oscillation am-
plitude of the quartz crystal with AFM. The os-
cillation speed is proved to be much higher than
mm/s, up to several meters per second. Although
such kind of high speed is different from steady
or rotary sliding, it is also important to study one
fixed position on the sample.Berg et al.[15] have re-
cently studied the microtribology with quartz crys-
tals based on ring-down experiments insteady of
AFM direct imaging. They found that the fric-
tion foce in metal-metal contacts increases approx-
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imately linearly with speed when the oscillation is
above a minimum critical amplitude. We combine
the quartz crystal oscillating circuits together with
the AFM. At the same time we directly image the
oscillation of sample surface and make friction mea-
surements. The oscillation speed could get up to
4m/s. In order to demonstrate the utility of this
setup, the friction measurements under three dif-
ferent designs are studied.
2 Experiment
In order to get the relative high speed between
the cantilever tip and the sample surface, we use
the quartz crystal resonator as the substrate of
our samples. By fixing the quartz crystal holder
and its oscillating circuits onto the piezo stage
[see Fig.1], we modify the commercial AFM setup
(DI3100, Nanoscope IIIa controller, Digital In-
struments, Santa Barbara, CA) to our purpose.
Through the collection of the signal by photodi-
ode, we can get the friction properties at dynamic
and static states.
Figure 1: Schematic diagram of the incorporation
of the quartz crystal resonator and the commer-
cial AFM: A quartz crystal resonator together with
the circuit box is implemented onto the piezo stage.
During the oscillation of the quartz crystal, the fric-
tion image obtained from AFM shows the tribology
under high speed.
We use the Fischer Pattern on the electrode of
the quartz crystal as our sample. The substrate
is the quartz crystal resonator (KVG Quartz Crys-
tal Technology GmbH) of 3MHz fundamental mode
’AT-Cut’. It consists a thin blank of a single quartz
crystal of diameter 15mm and Gold electrodes of di-
ameter 6mm sputtered onto each side of the disk.
The crystal is mounted onto a sample holder with
two points of contact, which on the other side con-
nects to the circuit box through thin conductive
wires. Together with the circuit box, the quartz
crystal holder is tightly fixed onto the AFM piezo
stage.
How do we prepare the Fischer Pattern on one
of the electrodes? We first evaporate 30 nm SiOx
on the gold electrode. This is the prerequisite for
the next step. Then we put colloids on the surface.
Now the colloids will distribute on the surface. Af-
terwards, we evaporate 30nm Cr (high adhesion to
the surface) onto the surface, which goes into the
small areas between the colloids. Finally we re-
move the colloids by using EMK in Ultrasonic for
1 minutes. Now the Fischer Pattern has been suc-
cessfully prepared, leaving many triangles on the
surface.
We could also use the gold electrode as our sam-
ple to measure oscillation amplitude and friction
properties, however, because the gold particles sit
very close to each other or cover each other, during
the oscillation of the quartz crystal, nearest parti-
cles will block each other’s extension and the cleave
in between is smaller or no if averaged over time.
Thus AFM tip can not recognize where is the edge
of two neighbour particles. Therefore, we could
not get the oscillation amplitude by AFM imaging.
But with Fischer Pattern on the surface of the elec-
trode, AFM can achieve that. The triangles in the
Fischer Pattern are the layer higher than the base
layer, for example as shown in Fig.2. During oscil-
lation, there is no difficulty for AFM to image the
oscillating edge as shown in Fig.2.
Figure 2: Fischer Pattern on a quartz crystal in
static state (left) and in dynamic state (right).
The upper drawings are the sketch of two triangels
on the base flat layer in both states. The lower
images(1.53µm*1.53µm) show topographies got by
AFM imaging in static state(left) and during oscil-
lation of quartz crystal(right).
Fig.3 shows the equivalent electrical circuit of the
quartz crystal and its working electrical box. The
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blue part is the electrical circuit of the quartz crys-
tal itself. Left and right resistors are symmetrical
and used to get rid of the effect of the connect-
ing cable. They are also used to avoid the case
of voltage reflection. Function generator is used
to oscillate the quartz crystal at certain frequency
and certain voltage. We collect the input signal U
and output signal V, compare the phase of them.
The changing of the driving frequency changes the
phase shift between input and output signals. Then
the resonance frequency is the one at which input
and output signal are of no phase shift and the
output signal gets its maximum. The input and
output voltages at resonance are read out from os-
cilloscope as U and V. Then the peak-peak voltage
just applied on the quartz crystal can be calculated
out through
Vquartz = 0.1807× U − 2.6588× V (1)
Figure 3: Schematic diagram of the equavalent elec-
trical circuits of the driving system of quartz crys-
tal.
Before we start the AFM measurement, we turn
on the oscillation circuit of the quartz crystal. At-
tune the function generator to find the resonance
frequency of the free oscillation of the quartz. Af-
ter that, we drive the piezo to bring the tip onto
the sample surface. When the tip is approaching
the surface, we can see the resonance shift of the
oscillation. After the AFM measurement starts,
we readjust the driving frequency to get its reso-
nance under applied load. The normal force error
image and the friction trace-retrace images can be
recorded by AFM software. And after one such
measurement, we stop the oscillation. Immediately
we make another AFM measurement at the same
area with same parameters. The reason why we do
this is to keep the same situation and same cali-
bration factor for the setup. Compare the images
at dynamic and static state, not only the friction
property but also the oscillation amplitude of the
quartz crystals can be determined.
3 Results and discussions
Before we make friction measurements, we first
try to find the areas of interests. As is already
established[16] that the amplitude of oscillation
gets maximum at the center of the electrode and
follows Gaussian distribution as the distance from
center increases, the AFM tip is located roughly
at the center of the quartz crystal. From our ex-
periences, the areas with single triangles far away
from each other are easily to be kicked away. The
areas with connecting triangles or with local cir-
cular lower layers are optimum for the measure-
ments during oscillation. Friction measurements
with three different methods have been carried out.
3.1
First make error and friction measurements under
different normal loads at static state. Then start
to oscillate the quartz crystal. Fix the driving volt-
age on the function generator and make same AFM
measurements as at static mode. So now we can
compare the friction property under certain normal
loads and with and without high speeds.
Figure 4: The error images of the Fischer Pattern
on the electrode of the quartz crystal at static and
dynamic states.
In Fig.4 the left image shows the error signal of
the static sample while the right image shows the
error signal of the sample oscillated by the quartz
crystal at resonance frequency 2997737Hz. All
measurements are scanned horizontally by AFM at
scanning speed 9.33µm/s. Compare the images at
static and dynamic states, we can conclude the os-
cillation direction is about 3 degrees to the verti-
cal direction. Using software Image Processing and
Analysis in Java (ImageJ[17]) the distances of the
half circles in the oscillation direction in both cases
can be calculated. Half of the substraction of the
distances in both cases gives us the oscillation am-
plitude.
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A0 = 128± 4.2nm (2)
Now we need to get the oscillation speed of the
quartz crystal. First let’s look at the driving volt-
age from function generator
Udrive(t) = U0 × sin(2pif0t) (3)
f0 is the driving frequency. V0 is the amplitude
of the driving voltage, in these measurements V0 is
10 Vlots. By equation 1 we can get the peak-peak
voltage applied on the quartz crystal is 1.21 V.
Due to the piezoelectric effect of the quartz crys-
tal, the quartz oscillates as
aquartz(t) = A0 × sin(2pift+ φ) (4)
Here aquartz is the oscillation distance from the
static state, A0 is the amplitude, f is the oscillation
frequency and φ is the phase shift from the driving
source. Before the AFM measurement, the oscilla-
tion of quartz crystal has been adjusted to oscillate
at its resonance, so
f = f0 and φ = 0 (5)
As velocity is the derivative of equation 4
υ(t) = 2pif ×A0 cos(2pift) (6)
Therefore the oscillation amplitude is
υ0 = 2pi × 2997737× 128± 4.2 nm/s (7)
= 2.41± 0.08m/s (8)
We use the nondestructive unloaded resonance
method of Cleveland et al.[18][19] to calibrate the
normal force signal. With the resonance frequency
of the cantilever of 24.07kHz, the normal force cali-
bration factor is calculated as 111.98nN/V. The lat-
eral force calibration is carried out on the testgrid
TGF11[20] using the Varenber et al.[21] wedge cali-
bration method improved from the originalOgletree
et al.[22] wedge method. The resultant lateral force
calibration factor is about 28.87nN/V.
Fig.5 shows one line forward scanning and im-
mediately one backward scanning line. As shown
in the figure, for the same position on the sample,
crosssections with and without quartz oscillation
are presented. Clearly, the friction signal which is
the subtraction of trace and retrace signals is much
larger in the low speed than that in the high speed
measurement.
What is more interesting for us is the friction co-
efficient for each single measurement. We assume
the attractive surface forces such as capillary forces
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Figure 5: One example of the trace and retrace fric-
tion signal measured at static state and during the
oscillation of the quartz crysal.
or van der Waals forces are negligible,so the ap-
plied load from AFM conbined with error signal is
the normal force. To simplify the problem, a lin-
ear relation of the friction force on normal force is
presumed as shown in the Fig.6. Then we compare
the friction coefficients for different cases.
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Figure 6: Plot of one AFM friction measurements
at applied load 33.59nN. The black dots are the raw
data from AFM images, the blue histogram is after
binning the raw data in equal small distance of the
normal force and the red fitting curve shows the
local friction coefficient.
Fig.7 shows the collective friction coefficients for
different AFM setpoints. The blue points are the
measured friction coefficients when the quartz crys-
tal are in static state. While the quartz crystal
oscillates, the sample particles oscillates together
with the crystal, which results in the corresponding
green points. Comparison of both cases, the fric-
tion coefficients in dynamic state are always higher
than that in static state. During the oscillation, the
equivalent roughness of the surface is larger than
that in static state, because the measured area of
the highest layer becomes larger than that without
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Figure 7: Friction coefficients of the sample surface
under different applied normal loads at low scan-
ning speed 9.33µm/s without oscillation and with
oscillation speed 2.41m/s.
oscillation. The increased roughness could be the
reason of the bigger local friction coefficient when
the quartz crystal oscillates. According to Amon-
ton’s Law, the friction coefficient does not depend
on the normal load, which does not fit our case.
The rough linear increasing of the friction coeffi-
cients on the normal loads denotes that the fric-
tion force is dependent on the square of the normal
force10.
∂f
∂N
= kN + b (9)
f =
1
2
kN2 + bN + a (10)
where f is the friction force, N is the normal load,
k,b,a are constants.
In Fig.7, at the value of 33.59nN there are much
bigger deviation in the friction force. This is also
the set-point of the AFMmeasurement. The reason
could be the confliction of the tip with the oscillat-
ing surface. Have a look at the binned data, the
standard deviation at this point is much smaller.
So the large deviation from the original data could
also come from the much more data points at that
position.
3.2
We make each time under certain normal load one
AFM measurement with oscillating quartz crystal
and immediately one measurement after stopping
the oscillation. Change the normal load and re-
peat the same measurements. For different normal
loads, the oscillation speed is the same.
As shown in Fig.8, there is similar phenomena as
in the last method, but the friction coefficients get
closer at higher normal loads. The reason could be
the instability of the AFM setup. At the beginning
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Figure 8: Friction coefficients of the sample surface
under different applied normal loads at low scan-
ning speed 20µm/s without oscillation and with os-
cillation speed 1.84m/s.
of the measurements, the setup is calibrated and
the cantilever is new. After some scans, the tip is
broadened and there could also be a small move-
ment of the laser spots. However, the tendency
of the larger friction coefficients at dynamic state
and the increasing of the friction coefficients with
increasing normal loads are clear for us.
3.3
Still we make one dynamic measurement and one
following static measurement. But this time all
measurements are under same normal load. We
change the driving voltages, which also means that
the oscillation speeds are different.
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Figure 9: Friction coefficients of the sample sur-
face under 17.3nN normal load at scanning speed
7.93µm/s with and without different oscillation
speeds.
In Fig.9, the upper blue data present the friction
coefficients of the surface under different oscillation
speeds. Corresponding friction coefficients after
each single oscillation are shown in green. Theo-
retically, the friction coefficients of same cantilever
on same area of the surface with same scanning
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speed should be the same. However, due to the
oscillation, the particles could be rearranged, the
tip would be broadened and the AFM setup could
be slightly deviated. Therefore, the friction coeffi-
cients after each oscillation are changed. Neverthe-
less, the friction coefficients have the tendency to
increase with increasing oscillation speeds.
4 Conclusions
We have shown how to study tribology with atomic
force microscopy in a range of high speed up to sev-
eral meter per second. Friction measurements un-
der different designs could be achieved with AFM,
no matter in which direction the sample oscillates
to the direction of the scanning. Conclude from
three different friction measurements, the local fric-
tion coefficients in high oscillating speeds are higher
than that without oscillation.
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